ABSTRACT. The purpose of this paper is to present 3-D numerical simulation of the tidal circulation in the Gulf of Tonkin. A sigma-coordinate system transformation is used to make possible a total fit ting between the computing point-grid and the bottom topography as well as the free water surface. A t urbulence-closure sub-model K-L which permits the parameterization of the turbulence mixing is also included. The studied domain, the whole Gulf of Tonkin, extends from the coastal zone of Quang-Ninh into ThuaThienHue province and as far as Hai-Nam (China) island seawards. The model have been calibrated and verified by the observed data at six different stations for a three and seven-day p eriods. The results are in good agreement with the obseved data. The kinetic energy distribution was eonsidered.
Introduction
The Gulf of Tonkin, one of the two largest gulfs in the Sout h China Sea, is situated between Hai-Nam Island of China and the north coast of Vietnam. This is a rather shallow sea area with the average depth of about 45 m and the maximum one of 100 m at the mouth ~ (Fig. 1) . It is known that the tide regime.~ 19 is diurnal nearly in the whole gulf. The largest tide amplitude can reache 2.5 m at the head of the gulf. The aim of this paper is to present a 3-D numerical study of the tidal circulation in the Gulf of Tonkin. In the model, the Navier-Stockes equations, which are simplified by the hydrostatic approximation and by Boussinesq's one . for the density distribution, have been solved with the help of a two-mode I. MATHEMATICAL MODEL
Governing equations
The governing equations are ~: follows: Continuity equation:
( aP az =-pg , (1.4) where, the x, y axes are horizontal and the z axis is taken positive upwards and the coordinate origin is placed at the mean water level; t is time variable; u, v, w are velocity components in the x, y and z direct.ions, respectively; Pis the pressure which can be obtained by:
where, pis the in-situ water density; p 0 is the reference water density; g is the acceleration of gravity; j is the Coriolis parameter, defined as j = 20 sin</>, where n is the angular frequency of earth rotation and¢ is latitude of the studied location; KM is the vertical turbulent viscosity coefficient; Fx, Fy are the horizontal diffusivities, which are defined as follows:
where, AM is the horizontal turbulent diffusivity, which is assumed constant in the present study. is bed shear stress; 77 is the water surface elevation; h is the bottom depth.
-At the land boundary: The velocity co:m,ponents normal to walls are null, i.e. Un = 0. In addition, for the tangential component of velocity, a no-slip condition at the wall is used.
-At the open _!)Oundary: Commonly, at the open boundaries, tide surface elevation is a priori prescribed as Dirichlet's conditions at all times.
Turbulent closure sub-model K-L
The governing equations contain the parameterized Reynolds stress and the flux terms, which take into account the turbulent diffusion of momentum, salt. The parameterization of turbulence in the model described here is based on the work of Li et al. (1997) . This is an one equation sub-model, in which the turbulence kinetic energy, k has been determined from a transport equation as follows: 
here, Lmo(z) .is the mixing length in the neutral case. We used the formula proposed by Escudier (1966) : 
At the land boundaries: klland = u!/ JG:; Cµ is a constant (= 0.09), (Rodi, 1980) .
Kzs is defined from KM (Nihoul et. al, 1989) : Kzs = 1sJl -R1 KM; {s is constant ( = 1.1).
Vertical coordinate transformation
It is desirable to introduce a non-dimensional vertical coordinate, which transforms both the surface and the bottom into the coordinate surfaces. The relationship bet.ween the old coordinate system and the new one is (Blumberg A. F. and G. L. Mellor, 1987) :
where, a ranges from 0 at z = ry to -1 at z = -h; H = h + rJ is the flow depth.
The derivative of an arbitrary variable G in the old system can be dei:ermined from the following relationships: 
where, the horizontal viscosity and diffusion terms are defined as:
Mode splitting Technique
It is desirable in terms of computer economy to seperate out vertically integrated governing equations (external mode) from the full vertical equations (internal mode). Thus, the governing equations have been solved by a two-successive-mode technique: the water-surface elevations are calculated in the external mode by a 2-D Saint-Venant equation (Nguyen and Ouahsine, 1997) , and then, the scalar variables, including the components of velocity vectors, will be determined in the internal mode.
The splitting technique in terms and in directions combined with a semi-implicit finite-difference scheme proposed by Nguyen and Ouahsine (1997) is used here to solve the depth-averaged Saint-Venant equation in the external mode. In the internal mode, diffusion terms have been discretised by a finite-difference scheme, which is explicit in the horizontal x and y directions but implicit in the vertical. This is to overcome the restriction of the time steps due to numerical stabilities caused by the small vertical grid-spacings. The convections terms have been calculated by a characteristic met.hod (see Nguyen and Mart.in, 1988 ) to prevent. numerical oscillations and artificial diffusion.
II. APPLICATION
The computation do!Ilain covering the whole Gulf of Tonkin extends from 105°30'E to 110°30'E and 16°00'N to 21°45'N is discretized by a 116 x 144 x 10 uniform grid. The horizontal grid spacings are 4050 m in the x-direction and in the y-direction as well. The vertical distribution of grid-points is irregular.
Six data sets observed in the field survey in 1993, 1994, 1996 and 1997 have been used to calibrate and verify the model. Amongst them, the two first data sets c_ollect.ed in a 3-day and a 7-day field surveys at stations: T10-LeThuy96 and T20-LeThuy96 have been used to calibrate the model. The three other data sets of a 7-day period observed at st.at.ions: T14-HaiTr~eu93, T20-HaiTrieu93, T20-CuaSot.94 and on€ data set of a 3-day period, T10-LeThuy97 have been used to verify the model. Location in longitude and latit.ud, e of J.he observation stations and of the periods of observation are shown in Table 1 .
Calibration and verification
Several benchmarks tests .(hydrostatic case and soliton case) were done to valide the mode (see [10) ).
The calibration have been done by adjusting the horizontal turbulent viscosity and the Chezy coefficient. Kalkwijk (1985) Af. the open boundaries, tide water level prescribed as Dirichlet's conditions at all times is determined from TIDE-FLOW2D based on the system of 2D shalow water non-linear equations. Five other data sets have been used for verification of the model, while preserving the model configuration obtained from the calibration step. Fig. 4a-;-7b show a comparison between the computed velocity values and the observations. A good enough agreement of amplitude and phase is also again obtained in the verification case, especially at stations T14-Haitrieu93 and T20-Haitrieu93 (see Fig. 4a , 4b, 5a and 5b). At the mid dept.h On the sur face '""""""'"\\\\\ \ \\\\\ .:::::::::::~~~~~~~l~l'l'l'I · ; w,
.. In order to understand the hydrodynamic regime of the tidal circulation, the distribution of kinetic energy in the studied domain has been determined. Figures  10 and 11 present the contour-map of kinetic energy on the bottom at two different times: LW +6 and HW +6, respectively. We remark that the kinetic energy becomes strongest near the Strait of QuynhChau and in the South-West of the coastal zone of HaiNam island where the tide currents reach their maximum values.
Figures 12, 13, 14 and 15 show the distribution of kinetic energy together with the flow pattern on the transverse and longitudinal section at LW +6 and HW +6, respectively. Obvim1sly, the kinetic energy is stronger near the bottom and decreases gradually to the free _ surface. -A turbulence-closure sub-model K-L is applied to determine the value of the turbulent viscosity for this area.
-Generally, the predominant direction of tide currents is parallel to the shore line, the velocities range from 10-30 cms-1 , with a maximum one reaching around 100 cms-1 in QuynhChau Strait and about 50-60 cms-1 in the south-west of the coastal zone of Hainam island.
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